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ABSTRACT
The mechanisms governing the stellar mass assembly and star formation history of brightest cluster galaxies (BCGs) are still being
debated. By means of new and archival molecular gas observations we investigate the role of dense megaparsec-scale environments
in regulating the fueling of star formation in distant BCGs, through cosmic time. We observed in CO with the IRAM 30m telescope
two star-forming BCGs belonging to SpARCS clusters, namely, 3C 244.1 (z = 0.4) and SDSS J161112.65+550823.5 (z = 0.9),
and compared their molecular gas and star formation properties with those of a compilation of ∼ 100 distant cluster galaxies from
the literature, including nine additional distant BCGs at z ∼ 0.4 − 3.5. We set robust upper limits of MH2 < 1.0 × 1010 M and
< 2.8 × 1010 M to their molecular gas content, respectively, and to the ratio of molecular gas to stellar mass M(H2)/M? . 0.2
and depletion time τdep . 40 Myr of the two targeted BCGs. They are thus among the distant cluster galaxies with the lowest gas
fractions and shortest depletion times. The majority (64%±15% and 73%±18%) of the 11 BCGs with observations in CO have lower
M(H2)/M? values and τdep, respectively, than those estimated for main sequence galaxies. Statistical analysis also tentatively suggests
that the values of M(H2)/M? and τdep for the 11 BCGs deviates, with a significance of ∼ 2σ, from those of the comparison sample of
cluster galaxies. A morphological analysis for a subsample of seven BCGs with archival HST observations reveals that 71%± 17% of
the BCGs are compact or show star-forming components or substructures. Our results suggest a scenario where distant star-forming
BCGs assemble a significant fraction ∼ 16% of their stellar mass on the relatively short timescale ∼ τdep, while environmental
mechanisms might prevent the replenishment of gas feeding the star formation. We speculate that compact components also favor
the rapid exhaustion of molecular gas and ultimately help to quench the BCGs. Distant star-forming BCGs are excellent targets for
ALMA and for next-generation telescopes such as the James Webb Space Telescope.
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1. Introduction
Brightest cluster galaxies (BCGs) are excellent laboratories for
studying the effect of dense galaxy cluster environments on
galaxy evolution. In the local Universe they are commonly as-
sociated with passively evolving massive ellipticals of cD type,
which often host radio galaxies (Zirbel 1996), and are located
at the center of the cluster cores (Lauer et al. 2014), where
tight correlations involving galaxy properties such as morphol-
ogy (Dressler et al. 1980), color (Kodama et al. 2001), stel-
lar mass (Ostriker & Tremaine 1975), star formation (Peng et
al. 2010), and gas content (Gunn & Gott 1972) are observed.
Because of their exceptional masses and luminosities and be-
cause they are located in the crowded cores of clusters, BCGs
are believed to evolve via phenomena such as dynamical friction
(White 1976), galactic cannibalism (Hausman & Ostriker 1978),
interactions with the intracluster medium (Stott et al. 2012), and
cooling flows (Salomé et al. 2006).
How the growth and star formation history of BCGs are reg-
ulated is still a matter of debate. Recent work suggests that they
have doubled their stellar mass since z ∼ 1 (Lidman et al. 2012),
consistent with a global picture where BCGs evolve via dry ac-
cretion of satellite galaxies (Collins et al. 2009; Stott et al. 2011).
More recent studies, however, have found potentially conflicting
? e-mail: gianluca.castignani@epfl.ch
results to this somewhat simplistic hypothesis. Possible evidence
for high star formation rates and large reservoirs of molecular
gas in BCGs is found out to z ∼ 1 and beyond (McDonald et
al. 2016; Webb et al. 2015a,b; Bonaventura et al. 2017), thus
favoring a scenario where star formation is fed by rapid gas de-
position at high-z and slow cooling flows at low-z (Ocvirk et al.
2008; Dekel et al. 2009a,b).
Several studies have also found a high concentration of
potentially in-falling, star-forming galaxies in the outskirts of
nearby clusters (e.g., Bai et al. 2009; Chung et al. 2010), and
a strong increase in the fraction of star-forming galaxies in clus-
ter cores out to z ∼ 1 and beyond (Smith et al. 2010; Tran et al.
2010; Tadaki et al. 2012; Webb et al. 2013; Brodwin et al. 2013;
Zeimann et al. 2013; Santos et al. 2015; Alberts et al. 2016;
Wang et al. 2016). Such findings seem to support the late assem-
bly of cluster core members via the infall of gas-rich systems and
via strong environmental quenching mechanisms (e.g., strangu-
lation, ram pressure stripping, and galaxy harassment Larson et
al. 1980; Moore et al. 1999).
On the other hand, other studies suggest the presence of a
significant population of quiescent galaxies even in z & 1.5 clus-
ter cores (Tanaka et al. 2013; Koyama et al. 2014; Newman et
al. 2014; Cooke et al. 2016; Strazzullo et al. 2016, 2019). In par-
ticular, Strazzullo et al. (2019) have recently studied the cluster
galaxy population, including the BCGs, of a sample of five clus-
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ters at z = 1.4 − 1.7 from the South-Pole Telescope Sunyaev
Zel’dovich effect (SPT-SZ) survey (Bleem et al. 2015) and sug-
gested that the star formation is suppressed in the cores of the
massive clusters in their sample already earlier than z ∼ 1.5.
Since molecular gas is an excellent tracer of ongoing or fu-
ture star formation (Bigiel et al. 2008; Schruba et al. 2011; Leroy
et al. 2013), observations of CO in both local and distant BCGs
are a powerful tool that can be used to better understand the
mass assembly and gas fueling of these sources. Some studies
of BCGs in the local universe have, remarkably, found molecular
gas reservoirs (Edge 2001; Salomé & Combes 2003; Hamer et
al. 2012; McNamara et al. 2014; Russell et al. 2014; Tremblay et
al. 2016; Fogarty et al. 2019) and filaments of cold gas (Olivares
et al. 2019; Russell et al. 2019).
In the literature, however, in the more distant Universe (i.e.,
z > 0.4) there are only a handful of BCGs observed in CO (e.g.,
Webb et al. 2017; Emonts et al. 2013), mostly at z > 1, where the
average ratio of molecular gas to stellar mass in galaxies, at least
in the field, is expected to increase significantly (by a factor of
& 4) with respect to local galaxies (Carilli & Walter 2013). To
probe the star formation fueling of cluster core galaxies we re-
cently performed a wide search of molecular gas in distant BCGs
(Castignani et al. 2019) and cluster galaxies (Castignani et al.
2018) over a wide range of redshifts: z ∼ 0.4 − 2.6. As part of
this search, in this work we report CO observations of two other
distant star-forming BCGs. The two BCGs span a broad range in
cosmic time (3 Gyr), being located at z = 0.4 and z = 0.9, within
which the overall molecular gas content of galaxies (Carilli &
Walter 2013) and their star formation activity (Madau & Dickin-
son 2014) are expected to increase by a factor of ∼ 2. With this
work we thus complement our recent studies to reveal the fuel-
ing of gas feeding the star formation in the high-z counterparts
of present day star-forming (> 40 M/yr) BCGs, such as the fa-
mous Perseus A and Cygnus A galaxies (Fraser-McKelvie et al.
2014).
In this work we refer to proto-BCGs, BCGs, and BCG can-
didates with no distinction, keeping in mind that the secure iden-
tification of distant BCGs is difficult. This is ultimately due
to the difficulty in confirming and characterizing high-z cluster
members and in particular the BCGs, which reside in crowded
regions of the cluster cores and often have a complex (multi-
component) morphology.
The paper is structured as follows: in Sect. 2 we describe
the two targets; in Sect. 3 we describe the observations and data
reduction; in Sect. 4 we present the results; in Sect. 5 we sum-
marize the results and draw our conclusions. In Appendix A
we list the properties of distant cluster galaxies observed in CO.
Throughout this work we adopt a flat ΛCDM cosmology with
matter density Ωm = 0.30, dark energy density ΩΛ = 0.70, and
Hubble constant h = H0/(100 km s−1 Mpc−1) = 0.70 (but see
Planck Collaboration 2018; Riess et al. 2019).
2. Two brightest cluster galaxies
We consider the Webb et al. (2015a) BCG catalog which com-
prises observed infrared (IR) properties of a large sample of 535
BCGs within the redshift range 0.2 < z < 1.8. These BCGs be-
long to clusters drawn from the Spitzer Adaptation of the Red-
Sequence Cluster Survey (SpARCS), which is an optical–near-
infrared galaxy-selected cluster survey, whose goal is to discover
distant clusters out to z ∼ 2 (Muzzin et al. 2009, 2012; Wilson et
al. 2009; Demarco et al. 2010).
The authors provide both SFRs and stellar masses of the
BCGs. The former were estimated from 24 µm Spitzer-MIPS
fluxes using the models by Chary & Elbaz (2001) and the Ken-
nicutt (1998) relation. The stellar masses were instead estimated
from the observed 3.6 µm flux, converted into the rest-frame K-
band luminosity, taking the K-correction into account.
As we want to target actively star-forming BCGs in order to
investigate their molecular gas content and explore their evolu-
tion and interaction with their Mpc-scale environment, we con-
sider spectroscopically confirmed sources from the Webb et al.
(2015a) BCG catalog. This selection leaves us with 16 spectro-
scopically confirmed sources out of the 535 BCGs of the catalog.
We also consider the subsample of five BCGs, at 0.4 < z < 1.1,
with the strongest star formation activity (i.e., star formation rate
SFR > 250 M/yr). A sixth BCG at z = 1.7 satisfies the selec-
tion requirements, but is not included because it has been already
observed in CO(2→1) by Webb et al. (2017), as discussed later
in this work.
Of these five BCGs, we limited ourselves to
two targets, namely 3C 244.1 (z = 0.4) and
SDSS J161112.65+550823.5 (z = 0.9), with SFR= 281 M/yr
and 766 M/yr, respectively, for which we predicted to detect
CO on the basis of standard relations by Tacconi et al. (2018),
valid for main sequence (MS) field galaxies. The two BCGs
belong to M200 & 1 × 1014 M clusters and are located in
the Lockman and ELAIS-N1 fields, respectively (Webb et al.
2015a). In particular, 3C 244.1 is a powerful Type II Fanaroff-
Riley (FR) radio galaxy (Fanaroff & Riley 1974) hosted by a
cluster with an estimated richness of 15 galaxies within the
cluster core (Hill & Lilly 1991). Active galactic nucleus (AGN)
contamination to the SFR estimates cannot be excluded, since
the 24 µm fluxes are associated with rest-frame emission at
shorter wavelengths of 17 and 13µm, respectively (see Sect. 4.5
for further discussion).
Some properties of the two sources are listed in Table 1,
while in Fig. 1 we show their optical images taken from the
data archives of the 12th release of SDSS1 and Pan-STARRS1.2
The images show that the two targeted BCGs are indeed bright,
with i-band AB magnitudes of 18.0 (3C 244.1 ) and 21.5
(SDSS J161112.65+550823.5 ). A bulge-dominated morphol-
ogy is also tentatively observed for 3C 244.1, consistent with
being the most massive galaxy in the cluster.
We used archival low-frequency (< 1 GHz) radio fluxes
found in the NASA/IPAC Extragalactic Database (NED)
to investigate some radio properties of the two BCGs.
SDSS J161112.65+550823.5 is a steep-spectrum radio source,
with α = 1.6, while 3C 244.1 has a standard α = 0.8, typi-
cal of optically thin synchrotron emission in the jet. Here α de-
notes the low radio frequency spectral index, where the radio
spectral flux density in units of Jy at the observer frame fre-
quency ν is expressed as S ν ∝ ν−α. Using the spectral indexes
and low-frequency radio fluxes, the rest-frame 408 MHz lumi-
nosity densities L408 MHz = 7.0×1027 W/Hz and 1.5×1025 W/Hz
have been found for 3C 244.1 and SDSS J161112.65+550823.5 ,
respectively. Therefore, 3C 244.1 has a low-frequency ra-
dio luminosity typical of powerful FR II sources, while
SDSS J161112.65+550823.5 has a lower radio luminosity, more
typical of the bulk of the radio galaxy population (Zirbel 1996).
Both our targets are powerful radio sources, which strengthens
the reliability of the BCG selection by Webb et al. (2015a). Dis-
tant radio galaxies have often been found in association with
BCG hosts (von der Linden et al. 2007; Yu et al. 2018; Cas-
tignani et al. 2019; Moravec et al. 2019).
1 https://skyserver.sdss.org/dr12/en/help/docs/docshome.aspx
2 https://panstarrs.stsci.edu/
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Galaxy ID R.A. Dec. zspec LIR M? SFR sSFR sSFRMS
(hh:mm:ss.s) (dd:mm:ss.s) (1011 L) (1011 M) (M/yr) (Gyr−1) (Gyr−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
3C 244.1 10:33:34.0 +58:14:35.5 0.430 16.1 ± 1.2 1.0 281 ± 218 2.8+2.6−2.5 0.12
SDSS J161112.65+550823.5 16:11:12.7 +55:08:23.6 0.907 43.7 ± 15.8 1.8 766 ± 275 4.3+2.6−2.9 0.30
Table 1: Properties of our targets, from Webb et al. (2015a). (1) galaxy name; (2-3) J2000 equatorial coordinates; (4) spectroscopic
redshift; (5) total infrared luminosity inferred from 24 µm observer frame Spitzer MIPS fluxes and using the Chary & Elbaz (2001)
model; (6) stellar mass estimated using 3.6 µm observer frame Spitzer IRAC fluxes, Bruzual & Charlot (2003) stellar population
modeling, and typical rest-frame K-band mass-to-light ratio of red galaxies (Bell et al. 2003); (7) SFR estimated from LIR using the
Kennicutt (1998) relation; (8) specific SFR determined as sSFR = SFR/M?; (9) sSFR for main sequence field galaxies with redshift
and stellar mass of our targets estimated using the relation found by Speagle et al. (2014).
3C 244.1 SDSS J161112.65+550823.5
Fig. 1: Optical images of the two target BCGs. Left: i-band SDSS DR12 image centered at the coordinates of 3C 244.1 . Right:
i-band Pan-STARRS1 image centered at the coordinates of SDSS J161112.65+550823.5 . Both images are 24′′×24′′ in size. At the
bottom left of each figure a 5′′ segment is shown, along with its corresponding value in physical units, at the redshift of the BCGs.
3. IRAM 30m observations and data reduction
We observed the two BCGs using the IRAM 30m telescope at
Pico Veleta in Spain. The observations of our targets were carried
out between 3 and 6 July 2018, during the night, as part of the
observational program 065-18 (P.I.: Castignani).
We used the Eight Mixer Receiver (EMIR) to observe
CO(J→J-1) emission lines from the target sources at frequen-
cies between 81 and 242 GHz, corresponding to wavelengths
between 3.0 and 1.2 mm, where J is a positive integer denot-
ing the total angular momentum. For each source the specific
CO(J→J-1) transitions have been chosen to maximize the likeli-
hood of the detection, in terms of the ratio of the predicted sig-
nal to the expected rms noise. In particular, we targeted simul-
taneously the CO(1→0) and CO(2→1) lines of 3C 244.1 using
the E090 and E150 receivers, respectively, while we targeted the
CO(4→3) line of SDSS J161112.65+550823.5 with the E230
receiver. We refer to Table 2 for further details.
The E090, E150, and E230 receivers can offer 4×4 GHz in-
stantaneous bandwidth covered by the correlators. Of these four
bands (UI, UO, LI, LO) we used only the lower side band LI
for our CO search. The wobbler-switching mode was used for
all the observations with a frequency of 0.5 Hz and a throw of
60 arcsec to minimize the impact of atmosphere variability. The
adopted wobbler throw is conservatively higher than the size of
our target sources, which is in fact less than a few arcsec.
We originally planned to use the Wideband Line Multiple
Autocorrelator (WILMA) to cover the LI-4 GHz band in each
linear polarization. The WILMA back-end gives a resolution of
2 MHz; however, the WILMA was under maintenance during
the observations. Therefore, we used only the fast Fourier trans-
form spectrometers (FTSs) at 200 kHz resolution to cover the
2×4 GHz lower sidebands (LI and LO) for each linear polar-
ization. For SDSS J161112.65+550823.5 we also covered the
2×4 GHz upper sidebands (UI and UO) for each linear polariza-
tion.
The targets 3C 244.1 and SDSS J161112.65+550823.5 were
observed for a total on-source observing time of 1.8 hr and 3.9 hr,
respectively. Observations were carried out in excellent weather
conditions with an average precipitation water vapor (pwv) value
of ∼3 mm; average system temperatures Tsys = 106 K and 145 K
for 3C 244.1 at 81 GHz and 161 GHz, respectively; and Tsys =
204 K for SDSS J161112.65+550823.5 at 242 GHz.
Data reduction and analysis were performed using the
CLASS software of the GILDAS package3. We also corrected
the CO(1→0) spectrum of 3C 244.1 for a minor platforming
level, corresponding to 0.85 mK in Ta∗. The results are pre-
sented in Sect. 4.1.
M51 has been used as line calibrator, while Venus has been
adopted to calibrate both pointing and focus. The following
sources, when located at an elevation similar to those of our
two targets, were used as pointing calibrators: IRC +10216,
PG 1418+546, 4C +39.25, 6C B104451.4+715930, 3C 454.3,
and 3C 345.
3 https://www.iram.fr/IRAMFR/GILDAS/
Article number, page 3 of 18
A&A proofs: manuscript no. paper_IRAM30m_BCGs_final
4. Results
4.1. Molecular gas properties
We describe in this section the results obtained with the IRAM
30m observations. Both targets were undetected by our obser-
vations. Based on the optical morphologies shown in Fig. 1 and
assuming a CO-to-optical size ratio of ∼ 0.5 (Young et al. 1995),
the BCGs were also unresolved by our observations, with a
beam of ∼10 arcsec ( 242 GHz
νobs
)
at observer frame frequency νobs
(Kramer et al. 2013).
We removed the baseline in each spectrum by using a poly-
nomial fit of degree one. Then we estimated rms noise levels
for the antenna temperature (Ta∗) equal to 0.18 and 0.13 mK at
81 GHz and 161 GHz, respectively, for 3C 244.1 , and 0.13 mK
at 242 GHz for SDSS J161112.65+550823.5 . These rms val-
ues were estimated within the entire LI-4 GHz bandwidth and at
300 km/s resolution. We then used the rms noise levels to set 3σ
upper limits.
In Table 2 we list the results of our analysis, where standard
efficiency corrections have been applied to convert Ta∗ into the
main beam temperature Tmb, and then Tmb into the correspond-
ing CO line flux, where a 5 Jy/K conversion is used. We adopted
the following efficiency corrections: Tmb/Ta∗ = 1.17, 1.27, and
1.55 for 81, 161, and 242 GHz, respectively.4
To derive the CO(J→J-1) luminosity L′CO(J→J−1), in units of
K km s−1 pc2, from the velocity integrated CO(J→J-1) flux
S CO(J→J−1) ∆3 , in units of Jy km s−1, we used Eq. (3) of Solomon
& Vanden Bout (2005):
L′CO(J→J−1) = 3.25 × 107 S CO(J→J−1) ∆3 ν−2obs D2L (1 + z)−3 , (1)
where νobs is the observer frequency in GHz of the CO(J→J-
1) transition, DL is the luminosity distance in Mpc, and z is the
redshift of the galaxy.
By assuming a Galactic CO-to-H2 conversion factor αCO =
4.36 M (K km s−1 pc2)−1, typical of MS galaxies (Solomon
et al. 1997; Bolatto et al. 2013), for both targets we es-
timated 3σ upper limits to the total molecular gas mass
M(H2) = αCOL′CO(1→0) = αCOL
′
CO(J→J−1)/rJ1. Here rJ1 =
L′CO(J→J−1)/L
′
CO(1→0) is the excitation ratio. We assumed the fol-
lowing fiducial excitation ratios, namely r21 = 0.8 (typical of
distant star-forming galaxies, Bothwell et al. 2013; Daddi et al.
2015; Freundlich et al. 2019) and r41 = 0.4 (Papadopoulos et al.
2000). As summarized in Appendix A, the adopted excitation
ratios and CO-to-H2 conversion factors are consistent with those
typically used in the literature for distant star-forming galaxies in
clusters. Being located in the cluster cores, the target BCGs live
in the densest regions of the clusters where the gas can be eas-
ily excited. As further discussed in Sect. 4.5, the use of a lower
CO-to-H2 conversion factor, more appropriate for star-forming
galaxies above the MS, does not substantially impact our final
results. We also note that CO(J→J-1) lines with J> 2 may not
be optimal H2 tracers since they probe denser gas than lower
J= 1, 2 CO transitions. However, at increasing redshift lower J
transitions become fainter and are redshifted towards lower fre-
quencies, while higher transitions (J> 2) enter the millimeter do-
main and have indeed been used as H2 tracers in several studies
(see Appendix A).
We did not attempt to set an upper limit to the continuum
emission of the target galaxies by using the available total FTS
8 GHz (LI, LO) and 16 GHz (LI, LO, UI, UO) bandwidths as-
sociated with 3C 244.1 and SDSS J161112.65+550823.5 , re-
spectively, for each polarization. The faintness of our targets, the
4 https://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
significant intrinsic atmospheric instability at millimeter wave-
lengths, and the platforming occurring with the FTS backend
(see also Sect. 3) prevented us from determining robustly the
continuum level or from estimating its upper limit.
We used the SFRs and our molecular mass estimates to
set 3σ upper limits to the depletion timescale associated with
the consumption of the molecular gas and equal to τdep =
M(H2)/SFR. Similarly, we also set 3σ upper limits to the molec-
ular gas-to-stellar mass ratio M(H2)/M?. For comparison, we
computed the depletion time τdep,MS and the molecular gas-to-
stellar mass ratio
(M(H2)
M?
)
MS for MS field galaxies with redshift
and stellar mass equal to those of our target galaxies, as found
using empirical prescriptions by Tacconi et al. (2018).
4.2. Comparison sample of distant (proto-)cluster galaxies
We compared the results found for our sources in terms of stellar
mass, SFR, molecular gas content, and depletion time with those
found in the literature for distant cluster galaxies with both stel-
lar mass estimates and CO observations. In particular, we con-
sidered the reference sample of 0.2 . z . 5.0 cluster galaxies
observed in CO and described in our recent work (Castignani et
al. 2019, and references therein).
We summarize the comparison sample in the following. It in-
cludes (proto-)cluster galaxies at z ∼ 0.2 (Cybulski et al. 2016);
z ∼ 0.4 − 0.5 (Geach et al. 2011; Jablonka et al. 2013); z ∼
1.1−1.2 (Wagg et al. 2012; Castignani et al. 2018); z ∼ 1.5−1.7
(Aravena et al. 2012; Rudnick et al. 2017; Webb et al. 2017; No-
ble et al. 2017, 2019; Hayashi et al. 2018; Kneissl et al. 2019);
z ∼ 2.0−2.5 (Emonts et al. 2013, 2016; Ivison et al. 2013; Tadaki
et al. 2014; Dannerbauer et al. 2017; Lee et al. 2017; Coogan et
al. 2018; Wang et al. 2018); z ∼ 0.4−2.6 (Castignani et al. 2019);
z ∼ 3.47 (Candels-5001, Ginolfi et al. 2017); z = 4.05 (Tan et al.
2014); z = 5.2 − 5.3 (Walter et al. 2012; Riechers et al. 2010).
We updated this sample by replacing the results found by
Dannerbauer et al. (2017) and Tadaki et al. (2014) for the z ' 2.2
Spider Web and z ' 2.5 USS 1558-003 protocluster galaxies, re-
spectively. In this work we adopt the updated results by Tadaki
et al. (2019), who reported a total of 10 CO(3→2) detections for
these two protoclusters. We also include for the present analy-
sis the submillimeter galaxy J221735.15+001537.3 detected in
CO(3→2) by Bothwell et al. (2013) and belonging to the pro-
tocluster SSA22 at z = 3.10 for which both stellar mass and
SFR estimates are available (Umehata et al. 2015). We also
considered eight additional galaxies, with stellar mass estimates,
which have been recently detected in CO by Gómez-Guijarro et
al. (2019). Half of the sources have been observed in CO(3→2)
and belong to the HELAISS02 protocluster (z = 2.171), while
the other four have been observed in CO(1→0) and belong to
the HXMM20 protocluster (z = 2.602).
This selection yields 118 sources over 33 (proto-)clusters. By
also including 3C 244.1 and SDSS J161112.65+550823.5 the
final sample comprises 120 sources, all with M? > 109 M, and
over 35 (proto-)clusters at 0.2 . z . 5.0.
Including SFR & 3 × SFRMS sources might result in biased-
high molecular gas masses (see, e.g., Noble et al. 2017; Castig-
nani et al. 2018, 2019, for discussion). However, since our target
sources have estimated SFR & 10 × SFRMS we prefer not to
discard such high-SFR galaxies from the comparison.
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Galaxy ID zspec CO(J→J-1) νobs S CO(J→J−1) M(H2) τdep M(H2)M? τdep,MS
(M(H2)
M?
)
MS
(GHz) (Jy km s−1) (1010 M) (108 yr) (108 M) (109 yr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
3C 244.1 0.430 1→0 80.609 <0.95 <4.0 <1.4 <0.40 1.09+0.16−0.14 0.12+0.19−0.08
2→1 161.215 <0.77 <1.0 <0.36 <0.10
SDSS J161112.65+550823.5 0.907 4→3 241.762 <0.93 <2.8 <0.37 <0.16 0.96+0.18−0.15 0.25+0.27−0.13
Table 2: Molecular gas properties: (1) galaxy name; (2) spectroscopic redshift as in Table 1; (3-4) CO(J→J-1) transition and observer
frame frequency; (5) CO(J→J-1) velocity integrated flux; (6) molecular gas mass; (7) depletion timescale τdep = M(H2)/SFR; (8)
molecular gas-to-stellar mass ratio; (9-10) depletion timescale and molecular gas-to-stellar mass ratio predicted for MS field galaxies
with redshift and stellar mass of our targets, following Tacconi et al. (2018). Upper limits are at 3σ.
4.3. Distant BCGs observed in CO
Among the ∼ 100 distant sources with CO observations and stel-
lar mass estimates considered in the previous section there are
only a few BCG candidates. As discussed in Castignani et al.
(2019) they are i) the z = 1.7 BCG observed in CO(2→1) by
Webb et al. (2017), which belongs to the Webb et al. (2015a)
sample of distant BCGs, similarly to our two targets; ii) the
z = 1.99 BCG candidate of the cluster ClJ1449+0856, de-
tected in CO(4→3) and CO(3→2) by Coogan et al. (2018); iii)
MRC 1138-262 at z = 2.2 (i.e., the Spider Web galaxy), detected
in CO(1→0) by Emonts et al. (2013, 2016); and iv) Candels-
5001 at z = 3.472, detected in CO(4→3) by Ginolfi et al. (2017).
In addition to these four sources, in Castignani et al. (2019)
we recently reported CO observations for five additional distant
BCG candidates hosting radio galaxies. The sources were se-
lected within the DES SN deep fields and COSMOS survey as
part of a large search for distant z > 0.3 star-forming radio galax-
ies. Our analysis yielded upper limits to the total H2 gas mass
for the five radio sources, namely DES radio galaxies 399, 708,
COSMOS-FR I 16, 31, and 70 at redshifts z = 0.39, 0.61, 0.97,
0.91, and 2.63, respectively.
By including 3C 244.1 and SDSS J161112.65+550823.5
from this work, our final BCG subsample consists of 11
distant BCG candidates observed in CO, spanning a broad
redshift range z ∼ 0.4 − 3.5. Consistently with the value
adopted for 3C 244.1 and SDSS J161112.65+550823.5 (see
Sect. 4.1) to allow a homogeneous comparison throughout
this work, we assume a Galactic CO-to-H2 conversion factor
αCO = 4.36 M (K km s−1 pc2)−1.
In Appendix A we summarize redshifts, stellar masses, and
molecular gas properties for the compilation of 120 (proto-
)cluster galaxies observed in CO, at different transitions and with
different telescopes. While we adopt a constant αCO to convert
velocity integrated CO(1→0) luminosities into M(H2) masses,
for each source we choose the excitation ratio reported in the
corresponding reference study. We refer to Table A.1 for details,
while in Table A.2 we focus only on the 11 BCG candidates. The
tables show that the sample of distant cluster galaxies observed
in CO, remarkably, has increased fourfold since 2017. For com-
parison, we refer to the recent compilation by Dannerbauer et al.
(2017, Table A.1) of z > 0.4 cluster galaxies.
In the cases where uncertainties for the SFR and M? are not
found in the reference studies we assumed a fiducial 50% error
for the SFR and ∼ 0.3 dex uncertainty for M?. Stellar mass esti-
mates commonly rely on stellar population synthesis models and
have statistical uncertainties ∼ (0.10 − 0.14) dex (e.g., Roediger
& Courteau 2015). An additional ∼ 0.25 dex uncertainty may
be added because of the unknown initial mass function (e.g.,
Wright et al. 2017, and references therein), resulting in a typi-
cal ∼ 0.3 dex uncertainty on M?, which is also adopted for our
two target BCGs.
4.4. Molecular gas, star formation, and depletion time
In Fig. 2 we show the ratio of molecular gas to stellar mass
M(H2)/M? as a function of both redshift and specific SFR for
the ∼ 100 distant sources with CO observations and stellar mass
estimates. The 11 distant BCGs are highlighted. In Fig. 3 we
show the SFR, M(H2)/M?, and the depletion time (τdep), all nor-
malized to their MS values, as a function of the stellar mass.
These plots show that the BCGs indeed populate the high-
mass end of the galaxy population with CO observations, having
stellar masses in the range log(M?/M) = 10.3−12.0. Given the
large uncertainties and scatter in the data points, the BCGs also
have SFRs and M(H2)/M?, both of which are consistent with the
values found using empirical relations for the MS (Tacconi et al.
2018; Speagle et al. 2014) and with those of the other distant
cluster galaxies observed in CO.
However, 7 out of the 11 BCGs (i.e., the majority, 64% ±
15%)5 have M(H2)/M? values that are lower than those esti-
mated for MS galaxies of similar stellar mass and redshift by
using the Tacconi et al. (2018) relation. This also applies to
our targets 3C 244.1 and SDSS J161112.65+550823.5 . Further-
more COSMOS-FRI 16 and 31 at z ' 1.0 have upper limits to
the M(H2)/M? ratio that are higher than the MS values. There-
fore, it may also be that the fraction of BCGs with low values
of M(H2)/M? is even higher than estimated. Similarly, 6 out of
the 11 BCGs (i.e., the majority, 55% ± 15%) have SFRs that are
higher than those estimated for MS galaxies of similar stellar
mass and redshift by adopting the Speagle et al. (2014) relation.
Interestingly, combining these results for the M(H2)/M? val-
ues and the SFR we obtain that the 11 considered BCGs have,
overall, low depletion times τdep = M(H2)/SFR, with estimated
values or upper limits in the range (0.04-7) Gyr. As can be seen
in Fig. 3 (right), eight BCGs (i.e., 73% ± 18%) have indeed τdep
values that are lower than those, τdep,MS, estimated for the MS
using the Tacconi et al. (2018) relation. Limiting ourselves to
the remaining three BCGs, the Spider Web galaxy has large un-
certainties associated with the depletion time, while COSMOS-
FRI 16 and 31 only have upper limits to the M(H2)/M? ratio.
These results suggest that the large majority or possibly all 11
BCGs have τdep . τdep,MS.
We also compared the properties of the 11 BCGs with those
of the comparison sample by means of the Kolmogorov-Smirnov
test. The null hypothesis for the log(M?/M) distributions of
5 Here and throughout the text the uncertainties on the percentage (1σ)
are estimated using the binomial distribution. We refer to Castignani et
al. (2014) for a similar methodology.
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Fig. 2: Molecular gas properties of distant BCGs and cluster galaxies observed in CO. Left: Evolution of the molecular gas-to-
stellar mass ratio as a function of the redshift for cluster galaxies at 0.2 . z . 5 observed in CO. The solid green curve is the
scaling relation found by Tacconi et al. (2018) for field galaxies in the MS and with log(M?/M)=10.8. The green dashed lines
show the statistical 1σ uncertainties in the model. The dotted black lines show the same scaling relation as the solid green line, but
for different stellar masses, log(M/M?) = 9 and 12, which correspond to the stellar mass range spanned by the data points. Right:
Molecular gas-to-stellar mass ratio vs. the specific SFR for the cluster galaxies in our sample, both normalized to the corresponding
MS values using the relations for the ratio and the SFR by Tacconi et al. (2018) and Speagle et al. (2014), respectively. The dot-
dashed green lines show different depletion times, in units of the depletion time at the MS. The legend for the data points is shown
in the bottom right corner of each panel.
Fig. 3: Star formation rate (left), molecular gas-to-stellar mass ratio (center), and depletion time (right), as a function of the stellar
mass for distant BCGs and cluster galaxies observed in CO. The y-axis values are all normalized to the corresponding MS values
using the relations by Speagle et al. (2014) and Tacconi et al. (2018). The horizontal dashed lines correspond to y-axis values
equal to unity, while the dotted lines denote the fiducial uncertainties associated with the MS. The uncertainty is chosen equal to
±0.48 dex for both left and right panels, since the MS is commonly identified by 1/3 < SFR/SFRMS < 3. For the central panel, the
plotted uncertainties are estimated at redshift z = 1. The color-coding for the data points is the same as in Fig. 2.
the two populations is rejected with a significance of 3.2σ,
consistent with the fact that BCGs are indeed the most mas-
sive galaxies in the clusters. When considering the MH2/M?,
(MH2/M?)/(MH2/M?)MS, and τdep/τdep,MS distributions for the
two populations, significances of 2.4σ, 1.7σ, and 2.0σ are
found, respectively. These results suggest that there is a tenta-
tive evidence at ∼ 2σ that the population of distant star-forming
BCGs differ with respect to that of distant star-forming cluster
galaxies in terms of their molecular gas content and depletion
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time, while no statistically significant difference in terms of their
SFR/SFRMS has been found.
Interestingly, given the high SFR (on average) associated
with the 11 BCGs, they are also expected to assemble a signif-
icant fraction f = τdep SFR/M? of their stellar mass within the
timescale ∼ τdep. By considering upper limits to the depletion
time as true measurements, we find a median value of f ' 16%.
Similarly, McDonald et al. (2014) find that a significant frac-
tion f ' 3% of the stellar mass is provided for the Phoenix A
BCG at z = 0.597 within its starburst phase (SFR∼ 800 M/yr,
McDonald et al. 2013) in a short τdep ∼ 30 Myr. Therefore, non-
negligible f -values and relatively short τdep seem to be common
for distant star-forming BCGs, quite independently of their red-
shifts, z ' 0.4−3.5, corresponding to a 7.4 Gyr interval in cosmic
time.
Our results, based on observations in CO of distant z ∼
0.4−3.5 star-forming BCGs, are consistent with a broader picture
where environmental mechanisms (e.g., strangulation, ram pres-
sure stripping, and galaxy harassment) tend to favor the exhaus-
tion of the BCG gas reservoirs on a relatively short timescale
∼ τdep. Furthermore, while our study considers a subsample of
rare star-forming BCGs and might not be of general validity for
the entire BCG population in the distant Universe, it also sug-
gests a scenario where star-forming BCGs assemble a significant
fraction of their stellar mass not only during early stages (z & 2),
but also at later epochs (z . 1). Our results thus support recent
studies that proposed that BCGs grow by a factor of ∼ 2 in stel-
lar mass since z ∼ 1 (Lidman et al. 2012; Zhang et al. 2016),
but are also not in contradiction with theoretical predictions, ac-
cording to which most of the BCG stellar mass is assembled at
higher redshifts (z ∼ 3 − 5) in smaller sources which will later
be swallowed by the BCGs (De Lucia & Blaizot 2007).
4.5. AGN contamination and SFR
Further considerations are needed concerning the SFR estimates
of the 11 BCGs. They have 1/5 . SFR/SFRMS . 4, with the ex-
ception represented by the two IRAM 30m targets of this work,
for which SFR/SFRMS ∼ 10 − 20. Such high SFR estimates
might imply the need for a smaller αCO conversion factor than
the Galactic value, which we use in this work to allow a homoge-
neous comparison. A value αCO ' 1 M (K km s−1 pc2)−1 is in-
deed usually adopted for (ultra-)luminous infrared galaxies (see,
e.g., Bolatto et al. 2013, for a review). Assuming a lower αCO
than the Galactic value would imply even lower M(H2)/M? val-
ues for our two targets, increasing the observed tension with re-
spect to the MS values. Alternatively, the BCG emission is con-
taminated by an AGN, which might result in biased-high SFRs.
In the following we consider the 11 BCGs separately.
As discussed in Sect. 2 our IRAM 30m targets are both radio
galaxies; this is also the case for the other five z ' (0.4 − 2.6)
sources we observed in CO with the IRAM 30m telescope (Cas-
tignani et al. 2019). MRC 1138-262 and the SpARCS1049+56
BCG are powerful radio sources. They have L4.5 GHz = 1.9 ×
1028 W/Hz (e.g., Carilli et al. 1997; Pentericci et al. 1997; Mi-
ley et al. 2006) and L1.4 GHz = 4.2 × 1024 W/Hz (Trudeau et
al. 2019), respectively. Gobat et al. (2011) discussed the possi-
bility that some obscured AGN activity is associated with the
triplet of galaxies corresponding to the ClJ1449+0856 (proto-
)BCG, resulting in the observed 24 µm emission. Candels-5001
at z = 3.47 has an X-ray (2-10 keV) luminosity of 1042.5 erg/s
which Fiore et al. (2012) attributed to stellar sources. However
the authors also report for the source a 1.4 GHz radio flux of
(15.3 ± 6.3) µJy, which implies a rest-frame 1.4 GHz luminosity
density L1.4 GHz ' 1.2 × 1024 W/Hz, assuming a spectral index
α = 0.8 (e.g., Chiaberge et al. 2009).
Although further multiwavelength observations of the BCGs
are needed to have a robust evaluation of the AGN contamina-
tion, we note that for distant star-forming galaxies it is typically
∼ 20% at mid- to far-infrared wavelengths (e.g., Pozzi et al.
2012) and may be higher for active BCGs. However, Webb et
al. (2015b) corrected the SFR of the SpARCS1049+56 BCG for
a limited AGN contamination of ∼ 20%. Furthermore, spectral
energy distribution (SED) modeling of the five z ' (0.4 − 2.6)
sources of our IRAM 30m campaign, selected within the COS-
MOS and DES SN deep fields, shows that the infrared to ultra-
violet emission closely resembles that of ellipticals (Baldi et al.
2013; Castignani et al. 2019), more than that, steep-spectrum,
typical of radio-loud quasars. The SEDs of these five BCGs are
also consistent with those of other samples of radio loud star-
forming galaxies in COSMOS (Delvecchio et al. 2017).
4.6. Morphological classification of the BCGs
Complex molecular gas morphologies and filamentary structures
have been found associated with local gas-rich BCGs (e.g., Rus-
sell et al. 2016, 2017). Several observational studies have also
proposed connections between the optical morphologies and the
star formation properties of distant galaxies (van der Wel et al.
2014; Dimauro et al. 2018, 2019; Socolovsky et al. 2018, 2019;
Puglisi et al. 2019; Freundlich et al. 2019). Inspired by these
studies we investigate the morphological properties of the 11
BCGs considered in this work, while in Sect. 4.7 we discuss
them in relation to their molecular gas reservoirs and star for-
mation properties.
We looked for archival Hubble Space Telescope (HST) obser-
vations and found HST images for the ClJ1449+0856 (z = 1.99)
and SpARCS1049+56 (z = 1.7) BCGs, MRC 1138-262 (z =
2.2), and 3C 244.1 . We did not find any archival HST image
for the other IRAM 30m target SDSS J161112.65+550823.5 .
In Castignani et al. (2019) we present a morphological anal-
ysis of COSMOS-FRI 16, 31, and 70, based on archival HST
ACS F814W (I-band) images with a pixel scale of 0.03 arcsec.
By running Galfit (Peng et al. 2002, 2010) on these images
we estimated half-light radii re = (4.9 ± 0.8), (4.7 ± 0.8), and
(2.9 ± 0.8) kpc for the three COSMOS-FRIs.
For the other four BCG candidates several archival HST im-
ages have been found. When there were multiple observations
we visually inspected the images and chose those of higher reso-
lution and better quality, as outlined in the following. We consid-
ered the archival WFPC2 image (F785LP filter) at a resolution of
0.1 arcsec for 3C244.1; WFC3 images for both ClJ1449+0856
(filter F140W) and SpARCS1049+56 (filter F160W) BCGs, at
a resolution of 0.128 arcsec; and the ACS/WFC image (F814W
filter) for MRC 1138-262, at a resolution of 0.05 arcsec.
We then ran Galfit by fitting the HST images of the BCGs
with a Sèrsic law, as reported in Eq. 3 of Castignani et al.
(2019). The fits were performed using a generic Tiny Tim (Krist
1995; Krist et al. 2011) point spread function for the differ-
ent HST filters and cameras. Our Galfit analysis yielded re =
(12.6 ± 0.8) kpc for 3C 244.1 , re = (8.0 ± 1.1) kpc for the
SpARCS1049+56 BCG, and re = (3.3±0.6) kpc for MRC 1138-
262. For the ClJ1449+0856 BCG at z ' 2 several components
are identified in the HST images by previous studies (Gobat et
al. 2011; Strazzullo et al. 2018), which suggests that the BCG
is still assembling and associated with a triplet of galaxies in a
likely merging phase. Similarly to these studies, we denoted the
three HST components as H1, H4, and H5. Our Galfit analysis
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Fig. 4: Effective radius (re) vs. stellar mass (left) and specific SFR vs. stellar mass surface density (right). The red diamond is
3C 244.1 , while blue symbols correspond to ClJ1449+0856 (H1, H4, H5) and SpARCS1049+56 BCGs, MRC 1138-262, as well
as COSMOS-FRI 16, 31, and 70, which are highlighted with the corresponding ID numbers. We refer to Fig. 2 for the legend.
Comparison data points, contours, and empirical relations shown in Figs. 3 and 5 of Bezanson et al. (2019) are superimposed. See
text for details.
yielded re = (24.3 ± 2.3) kpc for H1, re = (9.5 ± 1.1) kpc for
H5, and re < 3.3 kpc for H4. For H4 we report only a 3σ upper
limit because the re estimate is on the order of the pixel size (i.e.,
∼ 1 kpc at the redshift of the source).
At variance with our recent Castignani et al. (2019) study on
COSMOS-FRI sources, our attempt to derive a robust Sèrsic in-
dex for the BCGs did not produce reliable results. This is mainly
due to the presence of several substructures for the distant Spider
Web galaxy at z ' 2.2, while for the other sources the resolution
of ∼ 0.1 arcsec was not high enough for robust estimates of the
Sèrsic index.
4.7. Compactness, star formation, and gas depletion
The majority of the 11 considered BCGs tend to have low
M(H2)/M? values and low depletion timescales τdep compared
to MS galaxies and distant cluster galaxies observed in CO (see
Sect. 4.4). In particular, our two target BCGs 3C 244.1 and
SDSS J161112.65+550823.5 have low ratios of molecular gas
to stellar mass M(H2)/M? . 0.2, which suggest that gas de-
pletion in these BCGs, and in the majority of the 11 considered
BCGs, was effective. Similarly, low ratios (. 10%, Sargent et
al. 2015; Gobat et al. 2018; Bezanson et al. 2019) have recently
been found in distant ellipticals. These results motivated us to
use the morphological analysis outlined in the previous section
for the 11 BCGs to better understand the mechanisms governing
their star formation fueling.
Similarly to Bezanson et al. (2019), in Fig. 4 we show the
effective radius (re) versus the stellar mass (left) and the sSFR
versus the stellar mass surface density (right), defined as Σ? =
M?/(2pir2e ). We report several star-forming and quiescent galax-
ies. We overplot in both panels of the figure 7 of the 11 distant
BCGs that have re estimates, as described in Sect. 4.6. For the
ClJ1449+0856 BCG we assume that the H1, H4, and H5 compo-
nents have the same sSFR and contribute to the total BCG stellar
mass of M? = (5.0 ± 2.7) × 1011 M (Gobat et al. 2011; Cas-
tignani et al. 2019) proportionally to their HST F140W-WFC3
flux.
Comparison data points, contours, and empirical relations
shown in Figs. 3 and 5 of Bezanson et al. (2019) are superim-
posed onto our Fig. 4 as follows. In the left panel, blue and red
contours show respectively the location of star-forming and qui-
escent galaxies at 1 < z < 2 in the 3D-HST survey (Brammer
et al. 2011; Skelton et al. 2014; van der Wel et al. 2012). van
der Wel et al. (2014) size-mass relations at different epochs are
shown as solid and dashed lines for star-forming and quiescent
galaxies, respectively. In the right panel, gray contours corre-
spond to z ∼ 0 galaxies from the COLDGASS survey (Sain-
tonge et al. 2011). The solid lines show the broken power-law
relations at z = 0.75, 1.25, and 1.75 from Whitaker et al. (2017).
In both panels the different colors of the comparison data points
and lines correspond to different redshifts, as shown in the color
bar in the left panel. In both panels galaxies from several samples
with molecular gas and rest-frame optical size measurements are
indicated by colored symbols (Daddi et al. 2010; Tacconi et al.
2010; Sargent et al. 2015; Decarli et al. 2016; Spilker et al. 2016,
2018; Rudnick et al. 2017; Gobat et al. 2018; Bezanson et al.
2019).
As shown in the left panel of the Figure, MRC 1138-262
and COSMOS-FRI 16, 31, and 70 have effective radii that are
smaller than those found for star-forming MS galaxies of sim-
ilar mass and redshift using the van der Wel et al. (2014) scal-
ing relation (see also Castignani et al. 2019, for further discus-
sion). These four sources are also those where high-resolution
HST images with pixel sizes ∼ (0.03 − 0.05) arcsec are avail-
able. On the other hand, for 3C 244.1 and both ClJ1449+0856
and SpARCS1049+56 BCGs lower resolution images (pixel size
∼ 0.1 arcsec) have been used to estimate re. These sources have
estimated effective radii that are consistent with those of MS
field galaxies. It might be possible that the poorer resolution re-
sulted in biased-high re estimates for these three sources.
Furthermore, the ClJ1449+0856 BCG is a triplet of possibly
interacting sources, among them H4 has a small estimated size
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re < 3.3 kpc. As discussed in Strazzullo et al. (2018), the ori-
gin of the CO emission associated with the (proto-)BCG could
be an additional star-forming ∼ 300 M/yr component of simi-
lar size as H4. These aspects show that the ClJ1449+0856 BCG
system is complex, while the morphological analysis does not
exclude the presence of compact star-forming components. Sim-
ilarly, MRC 1138-262 shows several clumpy substructures likely
associated with stellar components, found in the archival HST
ACS images (F475W and F814W filters); see also Sect. 4.6.
Although the small sample size and the large scatter in the
data points prevent us from drawing firm conclusions, our mor-
phological analysis reveals that five out of the seven considered
BCGs (i.e., 71% ± 17%) either have smaller re than those of
MS field star-forming galaxies or show a complex morphology
with several likely star-forming components. For the remaining
two BCGs (3C 244.1 and the SpARCS1049+56 BCG), our Gal-
fit analysis did not show a compact morphology. However, it
might be that this is due to the lower resolution images (pixel
size ∼ 0.1 arcsec) used for the analysis.
As a comparison, recent work by Ito et al. (2019) shows in-
stead that distant z ∼ 4 proto-BCGs have sizes, on average, that
are ∼ 28% larger than those of field galaxies for a fixed bright-
ness. We suggest that the apparent discrepancy with respect to
our results is ultimately due to the different sample selection. In-
creasing the sample of distant BCGs and CO observations will
help to more accurately characterize the population of high-z
BCGs.
Figure 4 (right) shows that the majority of the considered
BCGs have a high sSFR and a stellar mass surface density Σ?
that is consistent with those of distant star-forming galaxies from
the literature. However, COSMOS FRI 70 and MRC 1138-262
have a higher Σ? than the other distant BCGs, which is consistent
with the fact that they are also more compact. As can be seen in
the figure, high values (log(Σ?/(M kpc−2)) ∼ 9.5 − 10) have
been also found for other compact sources from the literature
(Spilker et al. 2016; Rudnick et al. 2017; Bezanson et al. 2019).
Interestingly, MRC 1138-262 has both Σ? and sSFR values
that are very similar to those reported by Bezanson et al. (2019)
for their quiescent compact elliptical at z = 1.5. However, we
note that the SFR of MRC 1138-262 is uncertain and its sSFR
might by even a factor of ∼ 10 higher than reported in Fig. 4.
For MRC 1138-262 we assume SFR = 142 M/yr (Hatch et al.
2008; Emonts et al. 2016), with large uncertainties (see Figs. 2,
3) since an SFR of up to ∼ 1400 M/yr (Seymour et al. 2012)
has been reported for the BCG.
4.8. Compactness and quenching
The relatively low depletion times combined with the compact-
ness associated with the distant BCGs are reminiscent of the
compaction phase suggested for z ∼ 2 − 4 galaxies by obser-
vations (e.g., Barro et al. 2013, 2017) and by simulations (Zolo-
tov et al. 2015; Tacchella et al. 2016a,b) in which massive star-
forming galaxies experience an enhancement of the star forma-
tion due to gas deposition at their centers, before an inside-out
gas depletion and then followed by quenching.
We compare our results with those independently found
for different samples of distant galaxies. Recent studies by So-
colovsky et al. (2018, 2019) show that galaxies with high sSFR'
1 Gyr−1 in dense environments at 0.5 < z < 1.0 are strongly
depleted due to rapid environmental quenching, and are likely
to evolve into post-starbursts (PSBs). They also tend to have
larger effective radii than those in the field, possibly because the
most compact star-forming galaxies are preferentially quenched
in dense environments.
These findings seem to be in apparent disagreement with the
existence of compact distant star-forming BCGs (Sect. 4.7). The
discrepancy can be possibly explained by noting that relatively
compact sources such as the Spider Web galaxies and COSMOS-
FRI 16, 31, and 70 represent a rare population of BCGs ob-
served during a significant star formation activity. The BCGs
will deplete their molecular gas in a relatively short time and
then evolve into quenched compact ellipticals, as the one re-
ported in the recent study by Bezanson et al. (2019). This picture
is also in agreement with recent findings by Puglisi et al. (2019),
who studied a sample of star-forming galaxies at 1.1 ≤ z ≤ 1.7
and found a non-negligible fraction > 29% of compact sources
possibly observed as early PSBs.
5. Summary and conclusions
We have investigated the effect of dense Mpc-scale environments
in processing molecular gas of distant star-forming brightest
cluster galaxies (BCGs) with the final goal of better understand-
ing the processes involved in the BCG growth and the regulation
of star formation in distant BCGs. To this end we observed in CO
with the IRAM 30m telescope two star-forming distant BCGs:
3C 244.1 (z = 0.4) and SDSS J161112.65+550823.5 (z = 0.9)
with SFR = 281 M/yr and 766 M/yr, respectively, as in-
ferred from 24 µm Spitzer-MIPS fluxes (Webb et al. 2015a).
By adopting standard CO-to-H2 conversion factors we set ro-
bust upper limits to their ratio of molecular gas to stellar mass
M(H2)/M? . 0.2 and depletion time τdep . 40 Myr.
We then compared these results with those found for a com-
pilation of ∼ 100 distant cluster galaxies with CO observations
and stellar mass estimates from the literature, which include nine
additional BCG candidates at z ∼ 0.4−3.5, five of them are from
our recent work (Castignani et al. 2019) on distant radio galax-
ies in dense megaparsec-scale environments. This comparison
places the two targeted BCGs among the distant cluster galaxies
with the lowest gas fractions and shortest depletion times. More
in general, by considering the sample of 11 BCGs with CO ob-
servations we found that these rare star-forming BCGs, given the
large uncertainties and scatter in the data points, have SFRs and
M(H2)/M? that are generally consistent with the values found
using empirical relations for the MS (Tacconi et al. 2018; Spea-
gle et al. 2014) and with those of the other distant cluster galaxies
observed in CO. Nevertheless, the majority (i.e., 64%±15% and
73% ± 18%) of the 11 BCGs have lower M(H2)/M? values and
lower τdep, respectively, than those estimated for MS galaxies of
similar stellar mass and redshift. Similarly, the statistical anal-
ysis based on the Kolmogorov-Smirnov test tentatively suggests
that the values of M(H2)/M? and τdep for the 11 BCGs deviates,
with a significance of ∼ 2σ, from those of the cluster galaxies
from the comparison sample.
These results favor a scenario where star-forming BCGs as-
semble a significant fraction f = τdep SFR/M? ' 16% of their
stellar mass within a timescale τdep ∼ (0.04 − 7) Gyr, not only
during early stages (z & 2), but also at later (z . 1) epochs, con-
sistent with previous work (Lidman et al. 2012; McDonald et al.
2014). These findings seem to favor the presence of environ-
mental mechanisms (e.g., strangulation, ram pressure stripping,
and galaxy harassment) that might prevent the replenishment of
gas feeding the star formation, while in the meantime allowing
the exhaustion of the BCG gas reservoirs on a relatively short
timescale ∼ τdep, to sustain the observed star formation. To fur-
ther explore this scenario we investigated the possibility that the
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compactness may help the regulation of the star formation in
distant BCGs.
A morphological analysis using Galfit was done for 7 of the
11 BCGs. The seven sources, including our IRAM 30m target
3C 244.1 , have archival HST observations. We found that 71%±
17% of the BCGs are compact or show star-forming components
or substructures. The two most compact BCGs, which are also
the most distant, in the subsample of seven also have high stellar
mass surface density log(Σ?/(M kpc−2)) ∼ 9.5 − 10, similar to
that previously found for other distant compact sources (Spilker
et al. 2016; Rudnick et al. 2017; Bezanson et al. 2019).
We speculate that, for a significant fraction of distant star-
forming BCGs, compact morphologies and star-forming com-
ponents may both favor the rapid exhaustion of molecular
gas and ultimately help to quench the BCGs. Higher resolu-
tion and higher surface brightness sensitivity observations of
distant BCGs will help to distinguish between different gas-
processing mechanisms (e.g., galaxy harassment, strangulation,
ram pressure stripping, or tidal stripping), possibly responsible
for quenching the galaxies. The BCGs considered in this work
are excellent targets for ALMA as well as next-generation tele-
scopes such as the James Webb Space Telescope.
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Appendix A: Compilation of distant cluster galaxies
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